We describe a novel positioning system that utilizes the cyanobacterial nucleoid to segregate, transport and equidistantly position the carbon-25 fixation machinery (carboxysomes). 26 27 Summary: 28 29 Carboxysomes are protein-based bacterial organelles that encapsulate a key enzyme of the Calvin-Benson-Bassham cycle. Previous work 30 has implicated a ParA-like protein (hereafter McdA) as important for spatially organizing carboxysomes along the longitudinal axis of the model 31 cyanobacterium Synechococcus elongatus PCC 7942. Yet, how self-organization of McdA emerges and contributes to carboxysome 32 positioning is unknown. Here, we show that a small protein, termed McdB, localizes to carboxysomes through interactions with carboxysome 33 shell proteins to drive emergent oscillatory patterning of McdA on the nucleoid. Our results demonstrate that McdB directly interacts to stimulate 34 McdA ATPase activity, and indicate that carboxysome-dependent McdA depletion zone formation on the nucleoid is required for directed 35 2 motion of carboxysomes towards increased concentrations of McdA. We propose that McdA and McdB are a new class of self-organizing 36
ParB-like ortholog has been identified for McdA. Although no obvious chromosomally-encoded homolog of parB could be detected in S. 141 elongatus, we identified a parB-like gene (Synpcc7942_B2626) on the large plasmid (pANL) (Figure 2A) . However, deletion of pANL parB did 142 not disrupt oscillation of mNG-McdA ( Figure 2B and Figure S1F) . Two additional hypothetical genes were then selected due to their proximity 143 to the mcdA gene, Synpcc7942_1834 and Synpcc7942_1835 (Figure 2A) . While deletion of Synpcc7942_1835 had no observable effect on 144 mNG-McdA oscillation ( Figure 2C and Figure S1G) , deletion of Synpcc7942_1834 resulted in complete loss of mNG-McdA dynamics; forming 145 a stochastic signal across the nucleoid ( Figure 2D and Figure S1H ). To more descriptively designate the activities we observe for 146
Synpcc7942_1834 in this work, we will hereafter refer to this gene as maintenance of carboxysome distribution B (mcdB). 147
Bioinformatic analysis of the McdB protein by BlastP (protein-protein blast) revealed that McdB lacked homology to any known ParB 148 family member, nor any identifiable conserved regions with known ParB proteins. Due to a lack of characterized proteins with comparable 149 sequence, Phyre2 (Kelley et al., 2015) was unable to generate a reliable protein homology model. Therefore, McdB appears to be a novel 150 protein, is 17 kDa, and is predicted to form a secondary structure consisting mainly of alpha-helices, a highly charged N-terminal a1-helix, and high, we confirmed that the measured ATPase activity co-eluted with His-MBP-McdA from a size exclusion chromatography column, and could 165 not be attributed to a contaminating protein ( Figure S2B ). Relative to the linear specific activity of F SopA and P1 ParA with increasing protein 166 concentrations ( Figure S2C ), specific ATPase activity of His-MBP-McdA declined at higher protein concentrations ( Figure S2D ). This 167 decrease in ATPase activity was not due to substrate limitation during the course of the in vitro assay, as ATP was provided in excess, but 168 could be indicative of a regulatory mechanism or product inhibition that is not characteristic of traditional ParA family members. with carboxysomes was dynamic, we performed FRAP analysis within our native mNG-McdB strain. We found that mNG-McdB signal did not 184 recover on the order of minutes following a bleaching event ( Figure S1L) During biogenesis, carboxysomes first form a core structure containing RuBisCO and carbonic anhydrase, which are coordinated into an 192 ordered array through interactions with CcmM ( Figure 3A ) ( McdB interacts with the shell proteins CcmK2, CcmK3, CcmK4, CcmL, and CcmO, but not CcmP ( Figure 3C) . In contrast, we did not find 200 evidence for direct interaction between McdA and carboxysome shell proteins ( Figure 3C Figure 3D ) can be recovered in high CO2 (Price et al., 1993; Cameron et al., 2013) . We therefore examined the localization 210 of mNG-McdB in a ΔccmK2LMNO background, and found that mNG-McdB signal was diffuse in the absence of carboxysomes ( Figure 3E) , 211 further indicating a recruitment of McdB to assembled carboxysomes. As expected, RbcS-mTQ signal was also diffuse in ΔccmK2LMNO cells, 212 confirming the absence of carboxysomes ( Figure 3E ). Interestingly, in the absence of carboxysomes, mNG-McdA did not oscillate and formed 213 a homogenous distribution along the nucleoid similar to that of our mNG-McdA∆mcdB strain ( Figure 3F were distributed in strains lacking these proteins. To reduce potential off-target effects in the ∆mcdA and ∆mcdB lines, we generated knockouts 221 in a manner designed to minimize alterations in expression of neighboring genes. This included insertion of the kanamycin resistance cassette 222 outside of the McdA operon, and duplication of the mcdA promoter upstream of the mcdB gene in constructs where interruption of mcdA might 223 be expected to disrupt downstream gene expression (see Figure 4AB ). We also inserted RbcS fused to mOrange2 (mO) expressed from the 224 native rbcS promoter to visualize carboxysomes ( Figure 4ABC) . 225
As before, mNG-McdA distributed along the nucleoid and did not oscillate in ∆mcdB lines ( Figure 4A ), and carboxysomes were 226 observed as large irregularly shaped polar fluorescent foci with smaller randomly distributed signals within the cell ( Figure 4A) . In contrast to 227 other strains that lack a McdA oscillation (see below), we did not observe depleted McdA signal on the nucleoid in the vicinity of carboxysomes 228 within a ∆mcdB background. In ∆mcdA lines, mTQ-McdB still localized to carboxysomes, indicating McdA is not required for the association. 229
Carboxysomes also formed large fluorescent foci in ∆mcdA lines and, where multiple foci could be resolved, they frequently clustered in close 230 proximity rather than distributing throughout the cell ( Figure 4B ), similarly to ∆mcdB lines. In the absence of both McdA and McdB, 231 carboxysomes appeared as irregular foci of varying sizes randomly distributed through the cell ( Figure 4C ). The fluorescence intensity from 232 the RbcS-mO reporter was also unexpectedly ~4-fold weaker in these lines. Because carboxysome distribution displayed some variation even in wildtype strains, any one image may not best reflect the phenotypes. 245 Therefore we quantified carboxysome distributions in hundreds of cells utilizing MicrobeJ to automatically detect and characterize fluorescent 246 carboxysome foci (Ducret et al., 2016) . In our RbcS-mO only reporter line, fluorescent signal was observed predominately along the central 247 axis and mean foci diameter was 140 nm ± 100 nm ( Figure 5AG ). In comparison to this strain, carboxysomes in ∆mcdA (510 nm ± 270 nm), 248 ∆mcdB (350 nm ± 190 nm), and ∆mcdAB (370 nm ± 250 nm) lines had a much broader distribution off the central axis with larger mean foci 249 diameters and deviations ( Figure 5BCDG) . Likewise, overproduction of McdA produced carboxysome distributions off the central axis and a 250 mean foci diameter (320 nm ± 300 nm) similar to those of deletion lines ( Figure 5BCDEG) To explore this question, we developed the ability to regulate the initiation of carboxysome formation as well as to modulate the 281 number of carboxysomes per cell. To accomplish this, we replaced the native ccmK2 promoter with a Ptrc promoter lacking the lacI repressor 282 and attached a 5' synthetic riboswitch preceding ccmK2 ( Figure 6A) . Expression from this riboswitch has been shown to be tightly off and 283 extremely tunable relative to the concentration of theophylline (Nakahira et al., 2013) . Consistent with no expression from the RS::ccmK2LMNO 284 operon in the absence of theophylline, we observed that RbcS-mTQ signal was diffuse and mNG-McdA was distributed homogenously along 285 the nucleoid ( Figure S4H ). When these strains were induced with either 400 µM or 600 µM theophylline, we were able to generate on average 286 1 or 2 carboxysomes per cell, respectively ( Figure 6BC ). In the presence of 1 carboxysome, mNG-McdA signal remained evenly distributed 287 except for a depletion zone that correlated with the nucleoid region in the vicinity of the carboxysome ( Figure 6B ). Likewise, with two 288 carboxysomes, mNG-McdA signal again distributed along the nucleoid but was depleted in areas correlating to carboxysomes ( Figure 6C) . 289
In this strain, we performed real-time imaging of mNG-McdA dynamics and RbcS-mTQ motion. In instances where cells contained two, closely 290 spaced carboxysomes, one carboxysome could be clearly observed to move in the direction of the higher McdA concentration ( Figure 6D ). 291
When a sufficient distance was reached between the two carboxysomes, mNG-McdA was re-recruited to the depleted nucleoid region between 292 the two carboxysomes ( Figure 6D ). As mNG-McdA rebound the nucleoid, movement of the centralized carboxysome halted and slighted 293 regressed back in the opposite direction ( Figure 6D ). This result is consistent with the Brownian-Ratchet mechanism for genetic cargo 294 ΔmcdA or ΔmcdB background, when we induced hyperelongation by expressing Cdv3, carboxysomes were frequently observed in these 331 cytoplasmic gap regions ( Figure S5BC) . 332
In individual hyperelongated cells, we frequently observed carboxysomes both in linear and hexagonal-packing arrangements within 333 the same cell but on different nucleoid clusters ( Figure S5D ). Because cells containing both linear and hexagonal packing arrangements 334 share the same cytosol, it is unlikely that the carboxysome packing is regulated by a global change within a cell (such as a diffusible factor). 335
Instead, we found once again that the hexagonal packing was typically observed when the number of carboxysomes were higher on a given 336 nucleoid cluster. These results strengthen the hypothesis that carboxysome arrangement may be a self-emergent property that is related to 337 the density of carboxysomes on a given nucleoid surface area. 338
339
The Brownian-ratchet model is Sufficient to Explain Carboxysome Distributions 340 341 To assess if the Brownian-Ratchet model of carboxysome positioning could account for both carboxysome spacing and patterning (i.e. linear 342 vs. hexagonal), we turned to an established in silico mathematical model that has successfully described several aspects of the Brownian-343 ratchet mechanism for ParA-mediated partitioning of plasmids ). Since we have yet to determine which biochemical parameters 344 of the Mcd system differ from that of traditional Par systems, in this treatment, we simply increased the number of cargo copies on the nucleoid 345 matrix while keeping all other biochemical parameters as previously described so as to determine if increasing cargo copy number is enough 346 to convert linear positioning into hexagonal packing. We programmed the geometry of the nucleoid surface area (2.5 µm by 0. With the Brownian-Ratchet model, five or less carboxysomes will linearly distribute on a rectangular surface representative of S. 351 elongatus' nucleoid ( Figure 7C) . As cargo number increases the linear arrangement is maintained, but with tighter spacing (Figure 7CD) . 352
However, above a certain density threshold (six or more cargos on the same nucleoid in our simulations), cargo positioning switches from a 353 linear arrangement to hexagonal packing, reminiscent of the in vivo distributions ( Figure 7ABCD ). This change in packing arrangement can 354 be understood if each carboxysome is independently seeking the highest local concentration of McdA on the nucleoid: as carboxysome density 355 increases, a staggered conformation maintains the maximal nearest-neighbor distance. As many other cyanobacterial species exhibit spherical 356 morphology, including the model Synechocystis sp. PCC 6803, we also examined the predicted distribution of carboxysomes upon a 1.7 µm 357 circular nucleoid ( Figure 7EF ). We suggest that the linear arrangement of carboxysomes in rod-shaped cells is largely a byproduct of nucleoid 358 geometry, and thus, cell morphology. In support of this proposition, many spherical (e.g., see Figure 1A . We did not find evidence for filament formation in our in vivo imaging studies. Instead our results are more consistent with 384 a Brownian ratchet-based mechanism for carboxysome positioning that would not require a cytoskeleton. McdA-GFP homogeneously binds 385 non-specific DNA in suspension or on a DNA-carpeted flowcell only in the presence of ATP ( Figure 1FGH) , and McdA also co-localizes with 386 the nucleoid in living cells ( Figure 1E ). Prior evidence for cytoskeletal involvement partially rested upon the observation that disruption of 387 MreB, an actin related protein, also disrupts carboxysome positioning (Savage et al., 2010). However, ΔmreB strains also display gross 388 alteration in cell morphology and nucleoid topology (Hu et al., 2007) , and we provide numerous lines of evidence that suggest carboxysomes 389 are positioned along the nucleoid (Figures 1D-H, 2H, 3C, 6B-D, 7 and S5) . Overall, we propose a model where carboxysomes are self-390 organized along the cyanobacterial nucleoid. Our work here provides multiple lines of evidence to suggest that this self-organization is 391 dependent upon a carboxysome's capacity to locally detect and direct gradients in nucleoid-bound McdA, and to move towards the direction 392 of the highest concentration. (Figure 2G) , which displays a 406 maximum specific activity that is roughly two-orders of magnitude greater than that of other well-studied ParA systems (Vecchiarelli et al., 407 2010; Ah-Seng et al., 2009). McdB is an even more divergent protein, bearing no identifiable sequence similarity to any known ParB proteins; 408 indeed no homologous proteins have been characterized in other species. This novel protein also recognizes and binds a large protein-based 409 cargo (carboxysomes; Figure 2K, 3CE) , further distinguishing it from all characterized ParB-like proteins that recognize genetic cargo. McdB has a distinct evolutionary origin from ParB-family members, but that these independent protein families convergently evolved to use 418 nucleoid gradients of ParA-like proteins to segregate entirely different classes of macromolecular structures. 419
It is curious that McdB is able to associate with a number of different shell proteins in our B2H assay. Taken together with the 420 evidence that a McdB homolog from G. kilaueensis JS1 with low sequence-identity still concentrated upon S. elongatus carboxysomes ( Figure  421   8B) , the most parsimonious hypothesis is that McdB-carboxysome shell interactions are mediated by structural and/or charge features 422 common to many distinct shell proteins. Indeed, evolutionarily distant hexameric shell proteins of the bacterial microcompartment (BMC-H) 423 family share a number of similarities in structural features and key residues at hexamer interfaces that are largely conserved (Cai et al., 2015; 424 Sommer et al., 2017; Young et al., 2017) . This suggests some of these common structural features could be important in mediating interactions 425 with McdB, which might explain why McdB displays an interaction with different shell protein paralogs. We do note that our B2H analysis may 426 indicate that McdB may have a higher affinity to some shell proteins, including CcmK3 ( Figure 3C) One surprising result of our study was that we observed that both McdB and carboxysomes themselves were required for the emergence of 436
McdA oscillations along the nucleoid (Figures 2D, 3E) . Furthermore, a critical threshold number of carboxysomes were required to be localized 437 on the same nucleoid in order for McdA oscillation to ensue (generally >3; Figure 6F ). This suggests that it is not sufficient for McdB to be 438 merely present, it must be specifically localized and/or concentrated to promote the McdA oscillations. Furthermore, we note that McdA 439 oscillation per se is not required to segregate one carboxysome from another. In cells where we induced the formation of only 2 carboxysomes, 440 these carboxysomes reliably separated from one another despite the fact that no McdA oscillations were present ( Figure 6D) . Likewise, our 441 Brownian-Rachet simulations were able to recapitulate the separation between carboxysomes in silico without any requirement for an 442 oscillating pool of McdA ( Figure 7CDEF) . It is intriguing to speculate whether McdA would oscillate in cyanobacteria displaying different morphologies, such as the spherical 463 Synechocystis sp. 6803 or the filamentous Fremyella diplosiphon. While carboxysomes in these organisms are equidistantly spaced, they 464 display a packing more reminiscent of the hexagonal arrangement rather than a linear distribution (e.g., see Figure 1A in Kerfeld et al., 2005; 465 e.g., see Figure 1 in Montgomery, 2015) . Our modeling suggests that this could be a natural outcome of the McdAB system operating on a 466 nucleoid topology that is more spherical, rather than rod-shaped. Carboxysomes exist in two distinct forms, α & β, depending on the form of RuBisCO they encapsulate. While both are found in cyanobacteria, 487 α-carboxysomes also exist in many actinobacteria and proteobacteria. In these organisms, the vast majority of carboxysome-related genes 488 tend to be found at genomic loci near the respective enzymes they encapsulate (Axen et al., 2014) . We find that mcdA/B-like sequences 489 frequently fall in regions near α-& β-carboxysome operons ( Figure 8C ). We propose that the mcdA/B-like sequences near the α-carboxysome 490 operon could also function to equidistantly space α-carboxysomes to ensure equal inheritance following cell division. Further study is now 491 needed to determine how widespread the McdAB system is across evolutionary space. Indeed, many BMC classes exist, are widespread in 492 bacteria, and encapsulate a wide array of enzymatic activities beyond Calvin-Benson-Bassham factors (Axen et al., 2014; Kerfeld et al., 2015) . 493
While putative McdB homologs are widespread in cyanobacteria and can be identified in many α-carboxysome-containing proteobacteria 494 ( Figure 8C) , it is possible that a more comprehensive bioinformatic approach could identify similar factors associated with other classes of 495 BMC. More broadly, these findings aid in understanding the spatial organization of other protein-based mesoscale assemblies that encode 496
ParA family members and are associated with diverse biological processes, including secretion 
